IntroductIon
Myeloid cells, including monocytes, neutrophils, and eosinophils, make up the majority of blood leukocytes, yet are among the cells with the shortest life spans in the body (Ginhoux and Jung, 2014; Manz and Boettcher, 2014; Kotzin et al., 2016) . The generation of mature myeloid cells during myelopoiesis requires sequential progression from hematopoietic stem cells (HSCs) to precursor populations before terminal differentiation. The rate of progression increases during immunological insults to meet the demand for greater myeloid cell numbers (Manz and Boettcher, 2014; Varol et al., 2015) . For example, in response to Listeria monocytogenes infection, inflammatory monocytes are generated from BM precursors and play crucial roles in clearance of bacterial infection (Shi and Pamer, 2011) . The generation of myeloid cells during hematopoiesis requires myelopoietic cytokines, including G-CSF, M-CSF, and GM-CSF (Ginhoux and Jung, 2014; Manz and Boettcher, 2014) , which are up-regulated in infection, inflammation, and cancer (Hamilton, 2008) . In addition, Toll-like receptor-mediated signaling in myeloid progenitors stimulates myelopoiesis in response to pathogens (Nagai et al., 2006) . M-CSF (encoded by Csf1) and M-CSF receptor (M-CSFR, also known as CD115; encoded by Csf1r) are particularly important for the development of the monocytic lineage, as indicated by the loss of monocytes and macrophages in Csf1r −/− (Dai et al., 2002) and Csf1 op/op mice (Wiktor-Jedrzejczak et al., 1990; Yoshida et al., 1990) . In addition, monocytes and macrophages share a committed myeloid progenitor, which is distinct from dendritic cells and other myeloid cells (Hettinger et al., 2013) . In summary, M-CSFmediated myelopoiesis induces differentiation of the monocytic lineage from BM precursors.
The differentiation of hematopoietic progenitors into mature myeloid cells is contingent on the activation of gene expression programs under the control of lineage-defining transcription factors (Orkin and Zon, 2008; Moignard et al., 2013) . In particular, PU.1 is essential for the development of the monocytic lineage. High PU.1 expression levels relative to other lineage-defining transcription factors support monocytic lineage development (DeKoter and Singh, 2000; Nutt et al., 2005) , and loss of PU.1 abrogates common myeloid Myelopoiesis is necessary for the generation of mature myeloid cells during homeostatic turnover and immunological insults; however, the metabolic requirements for this process remain poorly defined. Here, we demonstrate that myelopoiesis, including monocyte and macrophage differentiation, requires mechanistic target of rapamycin complex 1 (mtorc1) signaling and anabolic metabolism. Loss of mtorc1 impaired myelopoiesis under steady state and dampened innate immune responses against Listeria monocytogenes infection. Stimulation of hematopoietic progenitors with macrophage colony-stimulating factor (M-cSF) resulted in mtorc1-dependent anabolic metabolism, which in turn promoted expression of M-cSF receptor and transcription factors Pu.1 and IrF8, thereby constituting a feed-forward loop for myelopoiesis. Mechanistically, mtorc1 engaged glucose metabolism and initiated a transcriptional program involving Myc activation and sterol biosynthesis after M-cSF stimulation. Perturbation of glucose metabolism or disruption of Myc function or sterol biosynthesis impaired myeloid differentiation. Integrative metabolomic and genomic profiling further identified one-carbon metabolism as a central node in mtorc1-dependent myelopoiesis. therefore, the interplay between mtorc1 signaling and metabolic reprogramming underlies M-cSF-induced myelopoiesis.
Critical roles of mTORC1 signaling and metabolic reprogramming for M-CSF-mediated myelopoiesis
progenitor (CMP) and granulocyte-macrophage progenitor (GMP) differentiation but spares megakaryocyte-erythroid progenitors (Scott et al., 1994; Dakic et al., 2005; . PU.1 functions in part by forming a heterodimer with interferon regulatory factor 8 (IRF8), another critical transcription factor for myelopoiesis (Kurotaki et al., 2014) . Both PU.1 and IRF8 bind to the M-CSFR promoter to drive gene transcription (Kurotaki et al., 2014; Satoh et al., 2014) . Moreover, Krüppel-like factor 4 (KLF4) can partially rescue monocyte differentiation in the absence of IRF8 (Kurotaki et al., 2013) . Despite our knowledge of the roles of cytokines and transcription factors in myelopoiesis, mechanisms connecting extrinsic signals to transcriptional responses and cell fate decisions remain poorly defined.
Emerging studies highlight the critical roles of metabolic reprogramming in innate and adaptive immunity. Studies on the metabolic regulation of myeloid cells are largely restricted to innate immune responses (O'Neill and Pearce, 2016) and myeloid leukemia (Galluzzi et al., 2013) , whereas little is known about the metabolic processes driving nonmalignant myelopoiesis. One common denominator among normal myelopoiesis and leukemic and other pathological conditions is the preference for glucose as a fuel source (Akers et al., 2011; Nagareddy et al., 2013; Sarrazy et al., 2016) . Further, leukemia cells and hematopoietic progenitors are sensitive to perturbations in aerobic glycolysis, whereas HSCs are less sensitive to such stress (Wang et al., 2014) . Among the regulators of immune and cancer metabolism is signaling via mechanistic target of rapamycin (mTOR), a serine/threonine protein kinase that controls multiple cellular processes including protein translation, cell growth, and metabolism. mTOR forms two complexes of discrete functions, which are defined by the obligate adapter proteins Raptor (encoded by Rptor; mTOR complex 1; mTORC1) and Rictor (encoded by Rictor; mTORC2; Laplante and Sabatini, 2012) . The mTOR pathway coordinates immune signaling and cell metabolism to determine cell fate decisions in immune responses (Chi, 2012) , although how immune signals are sensed and integrated to drive metabolic changes for cell fate decisions during myelopoiesis is poorly understood.
In this study, we show that mTORC1 signaling, but not mTORC2, is a crucial positive determinant of myelopoiesis during infection of L. monocytogenes, under homeostatic conditions and after M-CSF stimulation. M-CSF stimulation activates mTORC1, which engages a positive feed-forward loop by promoting glucose uptake and anabolic metabolism to subsequently up-regulate expression of M-CSFR in developing myeloid cells. We further identify Myc and sterol biosynthesis as mTORC1 downstream effector pathways important for metabolic reprogramming and M-CSFR-dependent functions during myelopoiesis. Finally, integrative profiling of the metabolome and transcriptome reveals one-carbon metabolism as a critical node of mTORC1-dependent myeloid differentiation. These results provide novel insights into how metabolic reprogramming of M-CSF-instructed precursor cells drives myelopoiesis to mediate antibacterial immunity and homeostatic control of hematopoiesis. reSuLtS deletion of rptor but not rictor depletes myeloid cells and impairs host resistance to L. monocytogenes To investigate the roles of mTORC1 and mTORC2 in myeloid cell development, we used mice harboring loxP-flanked alleles of Rptor and Rictor, respectively. We were unable to obtain viable mice when Rptor was constitutively deleted in hematopoietic cells via the Vav-icre system (de Boer et al., 2003) . To overcome such early lethality, we developed inducible deletion systems by breeding Rptor fl/fl and Rictor fl/fl alleles with Rosa26-CreER T2 mice expressing a Cre-ER T2 fusion gene in the ubiquitously expressed Rosa26 locus (called Rptor −/− and Rictor −/− mice, respectively). To bypass any potential effects of nonhematopoietic loss of mTOR signaling, we used BM cells from these mice or Rosa26-CreER T2 control mice (called WT mice) to reconstitute lethally irradiated recipient mice and generated chimeras, wherein administration of tamoxifen induced acute deletion of Rptor or Rictor in hematopoietic cells selectively. At day 5 after initial tamoxifen treatment, we challenged WT, Rptor −/− , and Rictor −/− BM chimeras with L. monocytogenes to determine whether loss of either of these genes affected the antibacterial immune response ( Fig. 1 A) . Rptor −/− , but not Rictor −/− , BM chimeras had markedly increased bacterial burden versus WT BM chimeras in the spleen and liver, the primary target organs of L. monocytogenes infection ( Fig. 1 B) , which was further verified by immunohistochemical detection of L. monocytogenes ( Fig. 1 C) . Thus, Raptor deficiency impairs antibacterial immunity.
Detailed histological analysis also revealed that the liver of WT chimeras contained widespread inflammation characterized by myriad coalescing microgranulomas composed of clusters of neutrophils (positive for Neu7/4) and macrophages (positive for MAC2, Iba1, and F4/80), and often associated with apoptotic hepatocytes ( Fig. 1 D) , but Listeria bacteria and antigens were not detected in any of these lesions. In contrast, the liver of Rptor −/− mice contained much fewer inflammatory foci, which were typically composed of smaller numbers of macrophages and neutrophils and sometimes included numerous intact Listeria organisms. In addition, although there was a diffuse increase in neutrophils both in periportal areas and diffusely in sinusoids of WT mice, there were only rare neutrophils present in hepatic sinusoids and blood vessels from Rptor −/− mice ( Fig. 1 D) .
Consistent with the histological analysis, Rptor −/− mice had markedly reduced percentages and numbers of CD11b + myeloid cells in the spleen and liver ( Fig. 1 E) . To obtain an unbiased view of the CD11b + population in these organs, we performed t-distributed stochastic neighbor embedding (tSNE) dimensionality reduction on the flow cytometry data. Of total CD11b + cells, neutrophils (Ly6G + ) and inflammatory monocytes (Ly6C + ) were markedly reduced in Rptor-deleted mice (n = 5 mice per group). (C) Immunohistochemistry for L. monocytogenes antigen in the spleen and liver tissues from WT and Rptor −/− mice (n = 4-5 mice per group). Bar, 0.1 mm. (D) Hematoxylin and eosin staining for general pathology and immunohistochemical detection of neutrophils (Neu7/4) and mac-mice ( Fig. S1, A and B ). Detailed flow cytometry analysis verified the tSNE dimensionality reduction and showed markedly reduced neutrophils (CD11b + Ly6G + ; Fig. 1 , F and G) and inflammatory monocytes (CD11b + Ly6C + ; Fig. 1 , H and I) in these organs. Because of the drastic decreases in monocytes, we also analyzed their precursor populations in the BM (see gating scheme in Fig. S1 C according to Hettinger et al. [2013] and Chong et al. [2016] ). There were drastic decreases in total monocytes, especially the CXCR4 + (premonocytes) compartment, as well as common monocyte progenitors (cMoPs; Fig. S1 D) , whereas monocyte-macrophage DC progenitors (MDPs) showed a small increase, probably as a result of the blocked differentiation of these progeny populations ( Fig. S1 D) . Thus, Raptor is important for host defense against L. monocytogenes, and its deficiency disrupts BM monocyte development and prevents accumulation of myeloid cells at sites of infection.
We next analyzed the myeloid cell compartment in the spleen after tamoxifen treatment of WT, Rptor −/− , and Rictor −/− mice under homeostatic conditions. At day 10 after tamoxifen treatment, Raptor-deficient mice showed reduction of myeloid populations compared with WT mice (Fig. S1 , E and F), with the loss of such cells varying in the different lineages. Specifically, Rptor ablation reduced monocytes (CD11b + CD115 + ) by ∼90%, with a preferential reduction of the Ly6C hi subset ( Fig. S1 E) , and neutrophils were largely depleted in Rptor −/− mice ( Fig. S1 F) . To determine the kinetics by which myeloid cells disappeared in the absence of Rptor, we analyzed myeloid populations in the peripheral blood of WT or Rptor −/− BM chimeras at different time points after tamoxifen treatment ( Fig. S1 G) . Monocytes and neutrophils rapidly disappeared in the blood of Rptor −/− mice and became essentially undetectable at days 5 and 7 after tamoxifen treatment, whereas T and B cells were largely maintained in the time points examined ( Fig. S1 H) . At day 4 after the onset of tamoxifen treatment, monocytes and neutrophils were modestly reduced in Rptor −/− mice compared with WT mice (Fig. S1 I), so we measured mTORC1 activity in these cells. The phosphorylated forms of the canonical mTORC1 downstream effectors, 4E-BP1 (p-4E-BP1) and S6 (p-S6), were markedly curtailed in monocytes and neutrophils ( Fig. S1 J) . The mTORC1 activity in B and T cells was much lower than that in CD11b + cells, and thus basal mTORC1 activity was not altered by Raptor deficiency (Fig. S1 K) . These results indicate that Raptor and mTORC1 signaling are required to maintain peripheral myeloid populations under inflammatory and homeostatic conditions. diminished response to hematopoietic growth factors in the absence of raptor Although Rptor deletion impairs myeloid cells in vivo, it remained unclear whether these effects are caused by reduced myelopoiesis from precursors. We therefore examined the ability of BM cells from WT and Rptor −/− mice to generate CFU in response to different myeloid growth factors: M-CSF, G-CSF, and GM-CSF. Compared with BM cells from WT mice, Rptor −/− cells had severely impaired CFU generation in response to stimulation with M-CSF (CFU-M) and G-CSF (CFU-G; Fig. 2 A) . In addition to fewer colonies, the colony size of Rptor −/− M-CSF-derived CFU-M was greatly decreased in comparison to WT controls (Fig. 2 B) . In response to GM-CSF stimulation, WT BM cells formed discrete CFU-G, CFU-M, and CFU-GM colonies, whereas Rptor −/− BM cells formed only CFU-M colonies ( Fig. 2 A) , which were also smaller in size compared with WT controls (Fig. 2 B) .
Under in vitro liquid cultures, BM cells respond to M-CSF by differentiating along the monocytic lineage, culminating in the generation of macrophages (CD11b + F4/80 + ). Consistent with the CFU findings, Rptor −/− BM cells were impaired in the generation of CD11b + F4/80 + macrophages in response to M-CSF ( Fig. 2 C) . To circumvent any potential contributions of existing myeloid populations in the BM, we purified Lincells from WT and Rptor −/− BM and cultured them with M-CSF in vitro. The generation of macrophages from Rptor −/− Linprogenitors was reduced throughout the culture period, as indicated by lower percentages and numbers of CD11b + F4/80 + cells (Fig. 2 D) . Moreover, this effect was observed in both the adherent and suspension cell fractions, excluding a possible involvement of adhesion in this process ( Fig. 2 D) . The defect was associated with impaired proliferation of Rptor −/− cells, as measured by CellTrace dilution (Fig. 2 E) , but not excessive cell death, as measured by Annexin-V/7-AAD staining (Fig. 2 F) . Throughout the culture conditions, Rptor deletion was complete in Rptor −/− cells (Fig. 2 G) . These results indicate that Raptor is required for M-CSF-mediated differentiation of the monocyte-macrophage lineage. raptor is necessary for M-cSFr (cd115) expression M-CSFR expression is crucial to mediate M-CSF-induced myeloid differentiation (Stanley and Chitu, 2014) . We there- fore analyzed CD115 expression on myeloid cells from different sources in WT and Rptor −/− mice. Macrophages generated from WT BM cells expressed approximately threefold higher levels of CD115 than Raptor-deficient cells ( Fig. 3 A) , and CD115 expression was practically absent in CD11b + cells from the spleen of Rptor −/− mice in vivo ( Fig. 3 B) . Also, the expression of CD115 within CD11b + CD115 + monocytes was reduced on a per-cell basis in Rptor −/− mice at an early time after tamoxifen treatment (day 4; Fig. S2 A) . Further, after M-CSF stimulation in vitro, Lincells from Rptor −/− mice showed markedly impaired ability to up-regulate surface CD115 expression compared with Lincells from WT mice, and the defects persisted at later time points ( Fig. 3 C) . Csf1r mRNA expression was also reduced in M-CSF-stimulated Lincells from Rptor −/− mice ( Fig. 3 D) . Hence, Raptor is required for CD115 expression on mature and developing myeloid cells.
We next determined the effect of Rptor deletion on the homeostasis of hematopoietic progenitors and the expression of CD115, which is known to be progressively up-regulated during myelopoiesis (Stanley and Chitu, 2014) . The frequencies of various progenitor populations (within the CD127fraction) such as Lin -Sca-1 + c-Kit + (LSK) stem cells, Linc-Kit + cells (LK; myeloid progenitors), CMPs (Lin -Sca-1c-Kit + CD34 + FcγRII/III mid ), and GMPs (Lin -Sca-1c-Kit + CD34 + FcγRII/III high ; see Fig. S2 B for gating schemes) were largely comparable between WT and Rptor −/− mice, with the exception of a modest increase in the CMP population in Rptor −/− mice ( Fig. S2 B) , which likely reflects a blocked differentiation into the downstream granulocyte-macrophage lineage. We also determined the monocyte precursor populations under homeostasis ( Fig. S2 C) and found trends similar to those we observed in mice infected with L. monocytogenes. We next used BrdU incorporation and active caspase-3 staining to measure cell proliferation and death, respectively. CMP cells from Rptor −/− mice had a small decrease in proliferation, whereas other precursor populations showed a normal extent of BrdU incorporation ( Fig. S2 D) . Also, apoptotic cell death was unchanged in cells from Rptor −/− mice ( Fig. S2 E) . Consistent with the observations we have described, Rptor −/− mice showed reduced CD115 expression on LK cells and the two LK subpopulations, CMPs and GMPs, whereas CD115 was expressed at a low and similar level on LSK cells between WT and Rptor −/− mice ( Fig. 3 E) . In contrast, expression of CD116 (GM-CSFR, encoded in part by Csf2ra) surface protein and Csf2ra transcript levels were largely normal or only slightly altered in Rptor −/− Lincells after stimulation with M-CSF in vitro (Fig. S2 , F and G), whereas in freshly isolated BM progenitor populations, the expression of CD116 was slightly enhanced or unchanged in Rptor −/− cells ( Fig. S2  H) . Similarly, expression levels of CD114 (G-CSFR), CD123 (IL-3Rα), and CD135 (FLT-3) on various hematopoietic progenitors were largely comparable between WT and Rptor −/− mice ( Fig. S2 H) . Thus, Rptor −/− progenitors show a selective reduction of CD115 expression.
PU.1, IRF8, and KLF4 orchestrate the differentiation of monocytes/macrophages from myeloid progenitors (Scott et al., 1994; Kurotaki et al., 2013) . We observed a positive correlation between PU.1 and CD115 expression, and between IRF8 and CD115 expression in total Lincells, whereas KLF4 expression did not show a strong correlation with CD115 ( Fig. 3 F) . We next examined the effects of Rptor deletion on the expression of these transcription factors. Progenitor cells from Rptor −/− mice had reduced PU.1 and IRF8 expression compared with WT cells, but similar KLF4 levels ( Fig. 3 G) . After culturing Lincells from WT mice with M-CSF for 2 d, the increased CD115 expression correlated with up-regulation of PU.1, IRF8, and to a lesser extent, KLF4 ( Fig. 3 H) . M-CSF-stimulated Rptor −/− cells showed significantly reduced levels of PU.1 and IRF8, whereas the reduction of KLF4 was rather small (Fig. 3 I) . Collectively, among cytokine receptors responsible for myelopoiesis, expression of M-CSFR is particularly sensitive to Rptor ablation and the resulting impairment of mTORC1 signaling. The decrease in M-CSFR expression is associated with lower levels of PU.1 and IRF8 in Rptor −/− cells, especially after stimulation with M-CSF, which may collectively contribute to impairment of M-CSF-induced myeloid development.
raptor ablation reduces anabolic metabolism in developing myeloid cells HSCs are quiescent but undergo extensive metabolic reprogramming during myeloid differentiation (Shyh-Chang et al., 2013) ; however, specific metabolic pathways and molecular regulators in this differentiation process remain poorly understood. We therefore investigated multiple metabolic features in developing myeloid cells and the effects of Rptor deletion in this context. First, M-CSF stimulation of WT Lincells up-regulated mTORC1 activity, as measured by phosphorylation of S6 and 4E-BP1, but only modest changes were observed in p-ERK1/2 after stimulation ( Fig. 4 A) . Deletion of Rptor abrogated S6 and 4E-BP1 phosphorylation but did not have strong effects on ERK1/2 phosphorylation ( Fig. 4 A) . Phosphorylation of AKT (S473), indicative of mTORC2 activity, was modestly increased in Rptor −/− cells at 48 h ( Fig.  S3 A) , most likely as a compensatory response to the loss of mTORC1 activity (Zeng et al., 2013) . Second, we used a fluorescently labeled glucose analog, 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose (2-NBDG), to measure glucose uptake. Neutrophils-and monocytes in particular-readily incorporated 2-NBDG ( Fig. S3 B) , indicating active glucose uptake (Hard, 1970; Newsholme et al., 1986 Newsholme et al., , 1987 . Further, upon M-CSF stimulation of Lincells, the CD115 + subset exhibited higher uptake of 2-NBDG than the CD115counterpart ( Fig. 4 B) , suggesting robust glucose uptake during M-CSF-induced myeloid differentiation. Rptor deletion diminished the uptake of 2-NBDG by splenic CD11b + cells in vivo ( Fig. 4 C) , and M-CSF-stimulated cells in vitro ( Fig. 4 D) . Thus, Raptor loss reduces glucose uptake in a controlled, nutrient-replete environment.
Third, to determine metabolic reprogramming in response to M-CSF stimulation, we measured extracellular acidification rate (ECAR) and mitochondrial oxygen consumption rate (OCR), which are indicative of activities of glycolysis and mitochondrial oxidative phosphorylation, respectively. M-CSF stimulation up-regulated ECAR and OCR, indicating metabolic activation (Fig. S3 , C and D). Rptor deletion markedly reduced basal ECAR and OCR, as well as maximal glycolytic capacity and glycolytic reserve, and maximal and spare respiratory capacity (Fig. 4 , E and F). In accordance with these observations, Rptor deletion reduced cell growth and mitochondrial biogenesis, as indicated by smaller cell size ( Fig. 4 G) , and reduced mitochondrial content compared with WT cells (Fig. 4 H) . These results reveal that Raptor loss in developing myeloid cells impairs both glycolytic and oxidative metabolism.
Glucose is required for M-cSF-dependent myeloid differentiation and cd115 expression
The impairments in glucose uptake and metabolism in Rptor −/− cells prompted us to determine whether the avail-ability of glucose contributes to the development of macrophages and the underlying cellular mechanisms of myeloid differentiation. First, we stimulated Lincells with M-CSF and observed increased gene expression of multiple glycolytic enzymes ( Fig. 5 A) . Rptor deletion impeded the up-regulation of many of these enzymes, including Glut1, Hk2, Gpi1, Tpi1, Eno1, Pkm, and Ldha ( Fig. 5 A) . To test whether there is reciprocal regulation between mTORC1 and glycolysis, we used 2-deoxy-d-glucose (2-DG), a nonhydrolyzable glucose analog and hexokinase inhibitor, and examined its effects on mTORC1 activity. We found that glucose inhibition impaired mTORC1 activity, but pERK1/2 levels were mostly unchanged ( Fig. 5 B) . Additionally, 2-DG reduced CFU-M counts in response to M-CSF ( Fig. 5 C) and generation of macrophages from BM progenitors in vitro ( Fig. 5 D) , suggesting the presence of a feed-forward loop between mTORC1 and glucose metabolism in driving myeloid differentiation.
Next, we adopted a carbon energy source screening method to determine the ability of different carbon sources to up-regulate CD115 expression on Lincells stimulated with M-CSF in glucose-free medium. Not only was glucose necessary for maximal CD115 expression induced by M-CSF treatment, but more importantly, it could not be substituted by any other common carbon sources ( Fig. 5 E) . We then determined the effect of varying glucose concentrations in the culture medium on CD115 expression. Indeed, decreasing levels of glucose ( Fig. 5 F) or increasing amounts of 2-DG ( Fig. 5 G) reduced CD115 surface expression on developing myeloid cells stimulated with M-CSF in a concentration-dependent manner. Finally, to examine whether glycolysis is necessary for the transcriptional changes related to CD115 expression, we stimulated Lincells with M-CSF in the presence of 2-DG. We found that 2-DG decreased levels of PU.1 and IRF8 in M-CSF-stimulated cells (Fig. 5 H) . The attenuating effect of 2-DG on the generation of CFU-M and macrophages or expression of CD115 and transcription factors mimicked the phenotypes observed in myeloid cells lacking Rptor. These results point to a self-amplifying loop during myelopoiesis, involving glucose metabolism, M-CSFR signaling, mTORC1 activation, and transcriptional activation. 
Sterol biosynthesis and Myc activity mediate mtorc1 signaling after M-cSF stimulation
To understand the molecular basis of Raptor in myeloid development, we performed transcriptome profiling to compare CMP, GMP and M-CSF-stimulated Lincells from WT and Rptor −/− mice. Principal component analysis showed the separation of different populations based on cell types (principal component 1 [PC1] and PC2) and genotypes (PC3; Fig. 6 A) . For the differentially expressed transcripts between WT and Rptor −/− mice (with false discovery rate [FDR] <0.05 and >1.5-fold difference), the Venn diagram showed distinct and overlapping genes regulated by Raptor in these three populations (Fig. S4 A) .
As expected, Csf1r expression was reduced in cells from Rptor −/− compared with WT controls (Fig. S4 B) . To identify pathways underlying Raptor-dependent myelopoiesis in an unbiased manner, we performed gene set enrichment analysis (GSEA) using the Hallmark and KEGG gene sets. Among the strongest enriched gene sets in WT versus Rptor −/− cells (i.e., down-regulated in Rptor −/− cells) were those related to cholesterol or steroid biosynthesis (Fig. 6, B and C), with two genes, Idi1 and Sqle, validated by real-time PCR analysis (Fig. S4 C) . In addition to cholesterol biosynthesis, we observed a profound reduction of the KEGG gene sets related to one-carbon metabolism in Rptor −/− cells (Fig. 6 C) . The heat map in Fig. 6 D showed that multiple genes involved in cholesterol biosynthesis were increased after M-CSF treatment in WT cells, whereas Raptor deficiency lowered their expression in different populations, especially in M-CSF-stimulated cells. Using network analysis, we further identified the transcription factor Myc as the most centrally regulated node in the top differentially regulated gene network between M-CSF-stimulated WT and Rptor −/− cells (Fig. S4 D) . Interestingly, although the mRNA levels for sterol regulatory element binding protein 2 (SRE BP2; a critical transcription factor for cholesterol synthesis; encoded by Srebf2) and Myc were up-regulated in Raptor-deficient cells (Fig. 6 E) , their protein levels were dampened by Raptor deletion (Fig. 6, F and G) , suggesting posttranscriptional regulation mediated by mTORC1.
Scap serves as the intracellular sensor for cholesterol and allows for SRE BP activation in response to low cholesterol levels for increased cholesterol biosynthesis (Cyster et al., 2014) . To determine the role of sterol biosynthesis in myelopoiesis, we crossed mice expressing loxP-flanked Scap alleles (Scap fl/fl ) with Rosa26-CreER T2 mice (Scap −/− ), allowing for the tamoxifen-inducible deletion of Scap. Similar to Rptor deletion, Scap deletion reduced splenic monocytes (Fig. 6 H) . Further, Scap deletion reduced the levels of CD115 expressed on myeloid progenitor populations including LK, CMP, and GMP cells (Fig. 6 I) and M-CSF-stimulated Lincells in vitro (Fig. 6 J) . Also, the percentages of CD11b + F4/80 + cells were reduced at day 2 in Scap-deleted Lincells during in vitro cultures with M-CSF ( Fig. 6 K) .
Using GFP-Myc knock-in mice (the endogenous Myc locus is modified by a GFP-Myc fusion protein; Huang et al., 2008) to track Myc expression, we found that Myc expression was readily detectable in hematopoietic progenitor populations (Fig. S4 E) but not in mature myeloid populations ( Fig. S4 F) , indicating active regulation of Myc expression in myelopoiesis. To directly measure Myc function, we crossed mice expressing loxP-flanked Myc alleles (Myc fl/fl ) with Rosa26-CreER T2 mice (Myc −/− ), allowing for tamoxifen-mediated deletion of Myc. Myc deletion reduced splenic monocytes (Fig. 6 L) , associated with reduced CD115 expression on LK, CMP, and GMP progenitor populations (Fig. 6 M) and M-CSF-stimulated Lincells ( Fig. 6 N) . Compared with WT cells, Myc −/− cells had lower CFU-M colony counts and reduced CD11b + F4/80 + percentages (Fig. 6, O and P) .
Next we assessed whether Scap or Myc deletion impairs mTOR signaling. We observed reduced signal for the phosphorylation of 4E-BP1, S6, and AKT, especially in Myc-deficient cells (Fig. 6 Q) , consistent with our hypothesis for an M-CSF-induced mTORC1-dependent feed-forward loop of myelopoiesis. Overall, these results identify the requirement of both sterol biosynthesis and Myc transcriptional activity for CD115 up-regulation and myeloid differentiation. Therefore, mTORC1 relays myelopoiesis-inducing signals by increasing sterol biosynthesis and Myc activation.
M-cSF-induced myelopoiesis requires one-carbon metabolism
Our data indicate that Rptor deletion impairs anabolic and glucose metabolism and the overall metabolic fitness of these cells. To gain a better understanding of the metabolic dysregulation, we performed unbiased metabolomic analysis of Rptor −/− cells. Specifically, Lincells from WT and Rptor −/− mice were stimulated with M-CSF for 1 d, and metabolite profiles were analyzed using high-resolution liquid chromatography-mass spectrometry (LC-MS). Next, combining both the microarray and metabolomics data, we generated enriched metabolic networks using genes and metabolites (GAM) analysis (Sergushichev et al., 2016) . These enriched networks include glutaminolysis, which is related to Myc activity (Wise et al., 2008) ; glycerophospholipid metabolism; methyl transfer; and one-carbon metabolism ( Fig. 7 A) . When solving for optimality to generate a maximum-weight connected subgraph, glutamate, glycine, and glutathione were among the most decreased metabolites in Rptor −/− cells (Fig. 7 B) . These metabolites participate in one-carbon metabolism, which integrates the availability of biosynthetic fuel sources, including glucose and amino acids, to drive anabolic metabolism and cell growth (Locasale, 2013) . Furthermore, Rptor −/− cells showed a pronounced increase of serine ( Fig. 7 B) , the catabolism of which requires the one-carbon pathway (Bao et al., 2016) . To ascertain the functional effect of one-carbon metabolism on myelopoiesis, we used 5-flourouracil (5-FU), an inhibitor of one-carbon metabolism (Locasale, 2013) . Specifically, we treated mice with 5-FU and isolated BM cells 2 d after treatment. Similar to Rptor −/− mice, BM cells from 5-FUtreated mice showed a slight increase in the CMP population compared with control mice (Fig. 7 C) . More importantly, 5-FU treatment resulted in a pronounced reduction in CD115 expression in LK, CMP, and GMP progenitor populations (Fig. 7 D) and M-CSF-stimulated Lincells in vitro ( Fig. 7 E) . Further, BM cells from 5-FU-treated mice were less efficient in developing into CD11b + F4/80 + macrophages upon M-CSF stimulation (Fig. 7 F) . Further, the CellTrace dilution of cultured CD11b + F4/80 + macrophages was not affected by 5-FU, but the surface levels of CD115 were decreased by 5-FU (Fig. 7 G) . To ascertain our findings supporting a role for one-carbon metabolism in myelopoiesis, we tested another one-carbon pathway inhibitor, methotrexate (MTX), which targets dihydrofolate reductase (Locasale, 2013) . MTX inhibited myelopoiesis and largely phenocopied 5-FU treatment and Rptor deletion, including an increased CMP population ( Fig. 7 H) , impaired CD115 expression on myeloid precursors (Fig. 7 I) and M-CSF-stimulated Lincells in vitro ( Fig. 7 J) , and reduced numbers of CD11b + F4/80 + macrophages (Fig. 7 K) . In summary, inhibition of one-carbon metabolism by 5-FU phenocopied the defects observed in Rptor −/− cells, indicating that one-carbon metabolism supports M-CSF-induced mTORC1 activation during myelopoiesis (Fig. S5 ). In this study, we describe that M-CSF-mediated myelopoiesis depends on the interplay between mTORC1-mediated signaling and metabolic reprogramming. Specifically, mTORC1 signaling promotes expression of M-CSFR and selective lineage-specific transcription factors, and loss of Rptor results in defective myelopoiesis under homeostasis and impaired response to bacterial infection. Additionally, mTORC1 impinges on metabolic programs in myelopoiesis, including sterol biosynthesis, Myc activation, and one-carbon metabolism. Disruption of each metabolic program highlights critical roles of cellular metabolism in supporting M-CSFmediated myelopoiesis. Further, metabolic reprogramming by M-CSF requires glucose without possible substitution by any other carbon sources tested. These results point to a previously unappreciated feed-forward loop with mTORC1 as a signaling node to integrate cytokine signaling, metabolic reprogramming, and transcription factor activation in developing myeloid cells.
Cell fate determination in hematopoiesis requires signaling via cytokine receptors and sequential engagement of transcription factors, but what connects cell surface and nuclear events remains much less understood. In myelopoiesis, signaling by M-CSF and M-CSFR interaction engages the transcription factors PU.1, IRF8, and KLF4, which are established regulators of hematopoietic development, including monocyte-macrophage differentiation (Scott et al., 1994; Kurotaki et al., 2013) . Here we show that PU.1 and IRF8 expression in myeloid precursors correlates with M-CSFR expression, and more importantly, loss of Raptor impairs expression of M-CSFR, PU.1, and IRF8, suggesting specific effects of mTORC1 signaling on myelopoiesis. We further establish the dependence of M-CSFR expression and myelopoiesis on mTORC1-dependent anabolic metabolism. Although previous studies linked mTORC1 signaling to HSC regeneration and leukemogenesis (Hoshii et al., 2012; Kalaitzidis et al., 2012) , our studies unveil novel roles of mTORC1 in mediating M-CSF-dependent myelopoiesis and connecting M-CSFR expression and metabolic reprogramming at the mechanistic level. Our findings further highlight the physiological importance of this pathway in the generation of inflammatory monocytes and neutrophils in bacterial infection, as indicated by the marked susceptibility of Rptor −/− mice to L. monocytogenes infection.
To mount a sustained cellular response to a weak signal, positive transcriptional feed-forward loops are frequently engaged to potentiate such effects. For example, in a positive interaction between PU.1 and M-CSFR, PU.1 activates the transcription of Csf1r, leading to higher receptor expression and ligand sensitivity, which in turn induce more PU.1 (Sarrazin et al., 2009) . Moreover, PU.1 directly binds its own genomic control elements and induces its own transcription in a mode of autoregulation (Chen et al., 1995; Okuno et al., 2005; Staber et al., 2013) . As a result of these amplification steps, HSCs, which express low levels of M-CSFR, can be directly instructed toward myeloid lineage fate in response to M-CSF (Mossadegh-Keller et al., 2013) . Our studies highlight that mTORC1 signaling, mTORC1-dependent metabolic and transcriptional activation, and M-CSFR constitute a novel feed-forward loop in M-CSF-dependent myelopoiesis. M-CSF stimulation activates mTORC1, which then further promotes expression of M-CSFR, as well as PU.1 and IRF8, for enhanced responsiveness to M-CSF. Moreover, this amplification loop requires activation of mTORC1-dependent anabolic metabolism, as deletion of Myc and Scap causes drastic reductions in M-CSFR levels on myeloid progenitors. Interestingly, compared with M-CSF-stimulated Linprogenitors in which Raptor deficiency greatly dampens metabolic activities, CMP and GMP cells also show dependence on Raptor for their metabolic gene expression programs, albeit to a lesser extent. Because the development of CMP and GMP cells is largely undisturbed in Rptor −/− mice, these results suggest that defective metabolism is intrinsic to mTORC1 deficiency, not simply a consequence of impaired differentiation. Further, the more profound defects in M-CSF-stimulated Rptor −/− Lincells suggest that strong activation of mTORC1 and metabolism in response to M-CSF stimulation underlies robust myelopoiesis. In contrast, deletion of Raptor in mature myeloid cells using LysM-Cre does not result in decreased myeloid cell populations in immune organs (unpublished data). Collectively, mTORC1-dependent metabolic programs are differentially adopted by myeloid precursors to meet energy and biosynthetic needs, and these serve as an important Glucose is a ubiquitous energy source, and many cellular decisions are centered on its availability. In response to growth factors, cells increase glucose uptake and metabolism to support bioenergetic and biosynthetic needs (Ward and Thompson, 2012) . M-CSF is detectable in the serum during homeostasis, and its levels increase in response to infection (Wing et al., 1985) , inflammation, and cancer (Hamilton, 2008) . Our data here suggest that regulation of glucose availability offers an independent route to control cellular responses to M-CSF. Specifically, we found that glucose is the required carbon source for anabolic metabolism in developing myeloid cells, and that M-CSFR expression and M-CSFmediated myelopoiesis are very sensitive to glucose availability. Further, mTORC1 activity is required for glucose uptake, glycolysis, and downstream anabolic metabolism. In addition, sustained mTORC1 signaling induced by M-CSF requires the presence of glucose, and blockade of glucose metabolism by 2-DG impairs M-CSF-mediated myelopoiesis, suggesting that metabolic reprogramming is a prerequisite in this process. Therefore, mTORC1 bridges M-CSFR signaling and glucose-dependent anabolic metabolism. We noted that increased glucose availability in vivo caused by hyperglycemia drives myelopoiesis above homeostatic levels (Nagareddy et al., 2013) , and defective uptake of glucose via Glut1 deletion directly impairs myelopoiesis (Sarrazy et al., 2016) . Further, AML cells have a high glycolytic metabolism but, unlike developing myeloid cells, can adapt to metabolic stress, such as the reduced presence of glucose (Saito et al., 2015) . Whether mTORC1-mediated glucose and anabolic metabolism in myeloid cells contribute to these pathological conditions warrants further investigation.
Although several pathways are involved in the generation of macromolecules necessary for growth and proliferation, one-carbon metabolism serves as an allocation node for anabolic metabolism. One-carbon metabolism incorporates cellular availability of "building blocks," such as glucose and glutamine, and diverts their metabolism through methionine and folate cycles for various cellular end points (Locasale, 2013; Yang and Vousden, 2016) . Our microarray, GSEA, and unbiased network analysis using GAM (Sergushichev et al., 2016) reveal one-carbon metabolism as a critical pathway regulated by mTORC1 after M-CSF stim-ulation, and pharmacological inhibition of one-carbon metabolism drastically impairs M-CSF-mediated myelopoiesis. It is noteworthy that although mTORC1 deficiency impairs the gene expression program of cholesterol biosynthesis in CMP and GMP populations, the transcriptional program of one-carbon metabolism is largely unchanged in these precursor populations from Rptor −/− mice. In contrast, M-CSF-mediated up-regulation of both metabolic programs depends on mTORC1. Furthermore, expression of methylenetetrahydrofolate dehydrogenase 2 (Mthfd2), an enzyme in one-carbon metabolism and arguably the most up-regulated metabolic enzyme in certain cancer cells versus normal cells (Nilsson et al., 2014) , is reduced in Rptor −/− cells in our microarray analysis. Although part of one-carbon metabolism occurs in the cytosol, serine catabolism occurs primarily in the mitochondria (Yang and Vousden, 2016) . Thus, in the case of mitochondrial failure, cells accumulate serine because of feedback mechanisms, leading to higher production of serine and the inability to consume serine by mitochondria (Bao et al., 2016) . Consistent with this notion, we observed a drastic reduction in mitochondrial biogenesis but increased serine levels in Rptor −/− cells (Fig. 7 B) , further supporting a role of mTORC1 in activating one-carbon metabolism in myelopoiesis.
In summary, our study has revealed a crucial role for mTORC1 signaling and downstream transcriptional and metabolic pathways in M-CSF-instructed myelopoiesis. Our results suggest a metabolism-centric model for myelopoiesis, in addition to the previously discovered transcription factordependent model, and the critical roles of mTORC1 signaling in integrating these pathways. Given the importance of mTORC1 in myeloid cell development, the identification of the signaling network and metabolic dependencies provides new insight into therapeutic intervention of aberrant myeloid development observed in cancer and immune-mediated diseases. From this perspective, one-carbon metabolism is an attractive target for cancer therapy because of its central role in cell growth and proliferation (Locasale, 2013; Yang and Vousden, 2016) . Our data suggest that targeting mTORC1 signaling or downstream metabolic pathways such as one-carbon metabolism in either tumor cells or immunosuppressive myeloid cells, such as M-CSFR-expressing myeloid-derived suppressor cells , could produce synergistic effects on cancer therapies. 
MaterIaLS and MetHodS Mice
Mice were housed and bred at the St. Jude Children's Research Hospital animal care facilities in specific pathogen-free conditions. C57BL/6 and Scap fl mice were purchased from the Jackson Laboratory. Rosa26-CreER T2 (which express a Cre-ER T2 fusion gene under the control of the ubiquitously expressed Rosa26 locus), Rptor fl , Rictor fl , and Myc fl mice have been described (Liu et al., 2010; Wang et al., 2011; Yang et al., 2011; Zeng et al., 2013) . GFP-Myc knock-in mice were kindly provided by B. Sleckman (Weill Cornell Medical College, New York, NY; Huang et al., 2008) . Cre-expressing mice were used as controls, and littermates were used whenever possible. Mice were backcrossed for at least 10 generations to the C57BL/6 background strain. For the generation of BM chimeras, host mice were lethally irradiated for a total of 1,100 rads before receiving 3 million BM donor cells retroorbitally. Mice remained on antibiotic (Baytril) water for 2-3 wks, and after 6 wks, reconstitution was determined by flow cytometry analysis of blood samples. Mice were used 6-8 wks after chimera generation for experiments. All experiments with mice were conducted in accordance with the St. Jude Children's Research Hospital institutional policies, and animal protocols were approved by the Institutional Animal Care and Use Committee of St. Jude Children's Research Hospital.
L. monocytogenes infection L. monocytogenes bacterial cultures were grown overnight from glycerol stocks at 30°C in brain-heart infusion (BHI) medium under constant mixing. On the day of infection, overnight cultures were subcultured in BHI at 37°C under constant mixing until logarithmic growth was achieved. Subcultures were diluted in ice-cold PBS, and 5 × 10 3 CFU of L. monocytogenes were injected into mice using 100 µl PBS retroorbitally. Titers were confirmed by plating on BHI agar plates overnight and CFU counting. Mice were killed 3 d after infection, and spleens and livers were harvested, weighed, and homogenized for further analysis. tamoxifen treatment Mice were injected with tamoxifen (1 mg/mouse) dissolved in 0.2 ml corn oil (Sigma) into the intraperitoneal cavity for four consecutive days or as described. This treatment regimen resulted in complete deletion of the target genes in multiple cell types. Rptor −/− and Rictor −/− mice were killed 10 d after the initial tamoxifen treatment unless otherwise noted. Because of issues with viability of long-term treatment, Myc −/− and Scap −/− mice were killed 5 d after the initial tamoxifen treatment.
cell purification and culture Cells isolated from spleen or BM were treated with ACK lysis buffer (Gibco) for 3 min to remove red blood cells. Whole or sorted Lin -BM cells were cultured in DMEM (Gibco) medium (plus β-mercaptoethanol) supplemented with 10% (vol/vol) FBS and 1% (vol/vol) penicillin-streptomycin in the presence of M-CSF (10 ng/ml) for the indicated times. Unless otherwise stated, cells were cultured at 10 6 cells/ml in 0.5 ml (48-well plate) or 1 ml (24-well plate) for the indicated times in DMEM supplemented with 10% FBS, 1% penicillin/ streptomycin, and 40 µM β-mercaptoethanol. G-CSF (10 ng/ ml), M-CSF (10 ng/ml), or GM-CSF (10 ng/ml) was added to the cultures, and cells were incubated for the indicated times. Nonadherent cells were removed from the wells by pipetting, and adherent cells were removed after incubation with Versene (Gibco) according to the manufacturer's instructions. In glucose titration experiments, glucose-free DMEM (Gibco) and dialyzed FBS (Gibco) were used. For carbon energy source screening, we used Phenotype MicroArrays PM-M1 plates (Biolog) and cultured Lincells with M-CSF (10 ng/ml) for 48 h in 50 µl and glucose-free DMEM.
Growth factor cultures in methylcellulose BM samples were mixed with methylcellulose (M3134) and IMDM (both from Stem Cell Technologies) according to the manufacturer's instructions in the presence of 10% FBS and cytokines: G-CSF (10 ng/ml), GM-CSF (10 ng/ml), or M-CSF (10 ng/ml). Each methylcellulose dish contained 2 × 10 4 cells, and samples were plated in replicate. 7 d after the start of culture, CFUs were enumerated according to colony appearance and descriptions supplied by the manufacturer using an optical microscope and a grid Petri dish. chemicals, inhibitors, and other reagents 2-DG and 5-FU (both from Sigma-Aldrich) were dissolved in aqueous media, and MTX (Sigma) was dissolved in DMSO initially and further dissolved in PBS for injection. 2-NBDG (Thermo Fisher Scientific) was dissolved in 100% ethanol and used at 10 µM in complete DMEM. Recombinant mouse G-CSF, GM-CSF, or M-CSF (all from Peprotech) were dissolved in PBS containing 0.1% (wt/vol) BSA. Aliquots of 1,000× were stored at −80°C and used within fewer than three freeze-thaw cycles.
Flow cytometry
For analysis of surface markers, cells were stained in PBS (Gibco) containing 2% (wt/vol) BSA. Surface receptors were stained for 30 min on ice. Annexin V staining was performed per manufacturer's instructions (BD Biosciences). CellTrace labeling was performed according to manufacturer's instructions (Thermo Fisher Scientific). Intracellular staining was performed with eBioscience Foxp3/Transcription Factor Staining Buffer Set according to the manufacturer's instructions. The Lincocktail kit (B220, CD3, Gr-1, CD11b, TER-119) was purchased from BD Biosciences. Streptavidin-conjugated fluorophores were from BioLegend. Myeloid precursor populations were defined by the following markers: LSK (Lin -Sca-1 + c-Kit + CD127 -), LK (Lin -Sca-1c-Kit + CD127 -), CMP (Lin -Sca-1c-Kit + CD127 -CD34 + CD16/32 mid ), GMP (Lin -Sca-1c-Kit + CD127 -CD34 + CD16/32 hi ), MDP (Lin -[in this case B220, Ly6G, CD3, Ter-119], CD115 + CD135 + ), and cMoPs (Lin -CD115 + CD135 -). For in vivo BrdU labeling, mice were injected intraperitoneally with BrdU (1 mg) and analyzed 1 h later according to the manufacturer's instructions (BD Biosciences; 552598). Caspase-3 staining was performed according to the manufacturer's instructions (BD Biosciences). The following antibodies were used with alternate names, clone numbers, phosphorylation sites (if applicable) and sources in parentheses: anti-CD135 (Flt3; A2F10.1; BD Biosciences); anti-Sca-1 (D7), anti-Ly6C (AL-21), anti-CD115 (AFS98), anti-F4/80 (BM8), anti-CD11b (M1/70), anti-B220 (RA3-6B2), anti-TCRβ (H57-597; all from BioLegend); anti-KLF4 (polyclonal), anti-GM-CSFR (CD116; 698423), anti-CD114 (polyclonal; all from R&D Systems); anti-Ly6G (1A8), anti-CD127 (A7R34; both from Tonbo Biosciences); anti-c-Kit (CD117; 2B8), anti-CD16/32 (93), anti-CD34 (RAM34), anti-CD123 (5B11), anti-IRF8 (V3GYW CH; all from eBioscience); and anti-PU.1 (9G7), anti-phosphorylated (T37/46) 4E-BP1 (236B4), anti-phosphorylated (S235/236) S6 (DX57.2.2E; all from Cell Signaling Technology). Certain flow cytometry data were analyzed using the R library "flow-Core," subjected to dimensionality reduction by tSNE with at least 8,000 cells using a Barnes-Hut implementation with the R library "Rtsne," and visualized using ggplot2.
rna and immunoblot analyses
Real-time PCR analysis was performed with primers and probe sets from Applied Biosystems, as described (Liu et al., 2009) . Immunoblots were performed as described previously (Liu et al., 2010) , using the primary antibodies anti-CD115, anti-phosphorylated (T37/46) 4E-BP1 (236B4), anti-phosphorylated (S235/236) S6 (DX57.2.2E), anti-phosphorylated ERK1/2 (D13.14.4E), anti-phosphorylated (S473) AKT (D9E), anti-S6 (5G10), anti-4E-BP-1 (53H11), anti-ERK1/2 (137F5), anti Akt (polyclonal; all from Cell Signaling Technology), anti-SRE BP2 (ab30682; Abcam), and anti-β-actin (AC-74; Sigma-Aldrich) and the secondary horseradish peroxidase-conjugated antibodies anti-rabbit IgG (W401B) and anti-mouse IgG (W402B; both from Promega).
Microarray analysis
RNA samples of CMP (Lin -Sca-1c-Kit + CD34 + FcγRII/ III mid ), GMP (Lin -Sca-1c-Kit + CD34 + FcγRII/III hi ) from WT and Rptor −/− , and cultures of BM Lincells from WT and Rptor −/− mice stimulated with M-CSF (10 ng/ml) for 12 h were analyzed with the Affymetrix Mouse Gene 2.0 ST GeneChip array, and expression signals were summarized with the robust multiarray average algorithm (Affymetrix Expression Console v1.1) or by fitting a linear model implemented in the R package "limma" (Ritchie et al., 2015) . Lists of differentially expressed genes by 1.5-fold or more were analyzed for functional enrichment using the Ingenuity Pathways (www .ingenuity .com). Up-regulated and down-regulated genes under each condition were annotated using Hallmark, KEGG, and Gene Ontology gene sets v6.0 downloaded from MsigDB (Subramanian et al., 2005) , and functional enrichment of each pathway in the gene set was performed using Fisher's exact test. Fisher's exact p-value was corrected for multiple testing using the Benjamini-Hochberg method. Pathways were deemed significantly enriched at FDR <5% and enrichment score ≥10.
Gene expression data generated from CMP, GMP, and Lin − cells treated with M-CSF (10 ng/ml) isolated from WT and Rptor −/− mice are available in the GEO database under accession no. GSE100256.
Metabolic assay ECAR and OCR were measured using the Seahorse XF24-3 Extracellular Flux Analyzer per the manufacturer's instructions (Seahorse Bioscience) in response to 1 µM oligomycin, 2 µM carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone, and 1 µM rotenone.
Microscopy
Live cells were stained using MitoTracker Deep Red (M22426; Thermo Fisher Scientific) and Hoechst 33342 (62249; Thermo Fisher Scientific) for 20 min. Images were acquired using a Zeiss Axio ObserverZ.1 microscope equipped with a CSU-22 spinning disk (Yokagawa Electric), Delta Evole EMC CD camera (Photometrics), 100×/1.45-NA oil objective, and Slidebook imaging software (Intelligent Imaging Innovations). Frequency and volume of MitoTracker + puncta (mitochondrial content) per cell was determined for each sample.
Pathology and immunohistochemistry
Formalin-fixed liver and spleen were processed and embedded in paraffin using standard techniques, sectioned at 4 µm, mounted on positively charged glass slides (Superfrost Plus; Thermo Fisher Scientific), and dried at 60°C for 20 min. Neutrophils were detected with anti-Neu7/4 antibody (1:500 dilution, NBP2-13077; Novus Biologicals). The three antibodies used to detect macrophages were anti-Iba1 (1:300 dilution, CP290A; Biocare Medical), anti-F4/80 (1:500, clone BM8; Thermo Fisher Scientific), and anti-MAC2 (1:500, ACL-8942AP; Accurate Chemical and Scientific). A rabbit polyclonal antibody was used to detect L. monocytogenes in tissue sections (1:1,000, NB100-65667; Novus Biologicals). All sections were examined by a pathologist blinded to the experimental group assignments.
Metabolomics analysis
WT and Rptor −/− BM Lincells were cultured at 10 6 cells/ ml in 1 ml (24-well plate) in the presence of M-CSF (10 ng/ml) for 24 h, followed by three PBS washes. Metabolites were extracted from cell pellets and culture medium using 80% methanol containing 0.05 ng/µl inosine-15N4 and 0.05 ng/µl thymine-d4 as internal standards (Cambridge Isotope Laboratories). The samples were centrifuged (10 min, 9,000 g, 4°C), and the supernatants were collected. Negative-ion targeted profiling of polar metabolites was performed using an Acquity UPLC (Waters Corporation) coupled to a 5500 QTR AP triple quadrupole mass spectrometer (SCI EX). Extracts (10 µl) were injected directly onto a 150 × 2.0-mm Luna NH2 column (Phenomenex). The column was eluted at a flow rate of 400 µl/min with initial conditions of 10% mobile phase A (20 mM ammonium acetate and 20 mM ammonium hydroxide [Sigma-Aldrich] in water [VWR International]) and 90% mobile phase B (10 mM ammonium hydroxide in 75:25 vol/vol acetonitrile/methanol [VWR International]) followed by a 10-min linear gradient to 100% mobile phase A. The ion spray voltage was −4.5 kV, and the source temperature was 500°C. Positive ionization mode profiling of polar metabolites was performed using a Nexera ×2 U-HPLC (Shimadzu Corporation) Q Exactive Orbitrap (Thermo Fisher Scientific) LC-MS system. The 80% methanol extracts (100 µl) were dried using a nitrogen evaporator (Tur-boVap LV; Biotage) and resuspended in 10 µl water and 90 µl of 74.9:24.9:0.2 vol/vol/vol acetonitrile/methanol/ formic acid containing stable isotope-labeled internal standards (valine-d8, Isotec; and phenylalanine-d8, Cambridge Isotope Laboratories). The samples were centrifuged (10 min, 9,000 g, 4°C), and the supernatants were injected directly onto a 150 × 2-mm Atlantis HIL IC column (Waters Corporation). The column was eluted isocratically at a flow rate of 250 µl/min with 5% mobile phase A (10 mM ammonium formate and 0.1% formic acid in water) for 1 min followed by a linear gradient to 40% mobile phase B (acetonitrile with 0.1% formic acid) over 10 min. The electrospray ionization voltage was 3.5 kV, and data were acquired using full-scan analysis over m/z 70-800 at 70,000 resolution. Reversed-phase C18 chromatography/negative ion mode MS analyses of free fatty acids and bile acids were conducted using an LC-MS system comprised of a Shimadzu Nexera X2 UHP LC (Shimadzu Corporation) coupled to a Q Exactive hybrid quadrupole orbitrap mass spectrometer (Thermo Fisher Scientific). Medium (30 µl) was extracted using 90 µl methanol containing PGE2-d4 (Cayman Chemical) and centrifuged (10 min, 9,000 g, 4°C), and the cell extracts were analyzed directly. The samples were injected onto a 150 × 2.1-mm Acquity BEH C18 column (Waters Corporation). The column was eluted isocratically at a flow rate of 450 µl/min with 80% mobile phase A (0.01% formic acid in water) for 3 min followed by a linear gradient to 100% mobile phase B (acetonitrile with 0.01% acetic acid) over 12 min. MS analyses were performed in the negative ion mode using electrospray ionization, full-scan MS acquisition over 70-850 m/z, and a resolution setting of 70,000. Metabolite identities were confirmed using authentic reference standards. Other MS settings were as follows: spray voltage, −3.5 kV; capillary temperature, 320°C; and heater temperature, 300°C. LC-MS data were processed and visually inspected using MultiQuant 2.1 (SCI EX) and TraceFinder 3.1 software (Thermo Fisher Scientific).
Genes and metabolite analysis
Analysis of GAM datasets was performed according to instructions available online (https ://artyomovlab .wustl .edu /shiny /gam /; Sergushichev et al., 2016) .
Statistical analysis
P-values were calculated by Student's t test for parametric data or Mann-Whitney test for nonparametric data when comparing two samples, as well as one-way ANO VA with Dunnet's post hoc test for parametric data or Kruskal-Wallis for nonparametric data when comparing more than two samples. Differences between groups were considered statistically significant with a p-value cutoff of 0.05. Data are represented as mean ± SEM. online supplemental material Fig. S1 shows the homeostatic loss of myeloid cells in Rptor −/− mice. Fig. S2 shows gating of myeloid precursor populations, proliferation and cell death analysis, and expression of myelopoietic cytokine receptors. Fig. S3 shows AKT phosphorylation, glucose uptake in myeloid cells, and M-CSF-stimulated metabolism. Fig. S4 shows a summary of differentially expressed genes between cells from WT and Rptor −/− mice in CMP, GMP, and M-CSF-stimulated Lincells, the Myc network from transcriptome analysis, and GFP-Myc expression in myeloid cells. Fig. S5 shows a summary of the present study depicting a metabolism-centric model of myelopoiesis. 
